Oleate-stabilized silver colloids of 5-nm-diameter were adsorbed to a toluene/water interface, and surface enhanced Raman scattering (SERS) spectra from these colloids were measured under the total internal reflection (TIR) condition. From the observed spectra, we examined the states of oleate ions and toluene molecules on silver colloids at the liquid/liquid interfacial region. The TIR-SERS spectra of oleate ions showed stronger peaks of the carboxylate group and the ethylene group than those of alkyl chains. From these results, it was found that the oleate ions were adsorbed on the silver surface in two different ways at the liquid/liquid interface; the carboxylate group adsorbed in the organic phase side, while the ethylene group adsorbed in the aqueous phase side. The shifts of the toluene in the interfacial SERS spectra were identical to those of bulk toluene, though the relative intensities among the peaks were not same. This result suggested that the toluene was adsorbed with a weak interaction, but was significantly enhanced by the local electromagnetic field at the colloid surface.
Introduction
Silver nano-colloids have been extensively investigated in recent years, because of their interesting optical properties and their ease of preparation and handling. They have been used as substrates for surface enhanced Raman scattering (SERS) 1,2 and surface plasmon resonance (SPR), 3 colloidal catalysts, 4 ,5 nanoelectrodes, 5 photolithographic tools 6 and so on. In SERS, its high signal amplification effect enabled the detection and characterization of trace amount of molecules. The resonance Raman method is also sufficiently sensitive to detect submonolayer molecules, but needs a resonant condition produced by an overlap between the laser line and the absorption band. 7 On the other hand, the SERS can attain high sensitivity without such a resonant condition, provided that the laser line is resonant with the plasmon absorption band of the silver colloids. Using this advantage, the SERS spectra of a single or monolayer nonresonant molecule have been measured. 1, 2, 8 Another unique feature of SERS is that the only molecules, adsorbed at or contacted silver surface, can be detected. This provides a high spatial resolution in SERS, which can overcome the optical resolution restricted by the diffraction limit of laser light. 9 Various applications of SERS for the detection of molecules at a solid surface or an air/liquid interface have been performed previously, 10 but only a few measurements have been conducted at a liquid/liquid interface. A liquid/liquid interface is a twodimensional field with different physical and chemical properties from the bulk phases. It has been studied as a unique reaction field in solvent-extraction chemistry and as a model of biomembrane in bio-electrochemistry. 11 Therefore, detailed information on the molecular structure of the adsorbed species and the interfacial solvent molecules is highly required. However, it is usually difficult to obtain the vibrational spectra of the adsorbate or solvent molecules at the liquid/liquid interface, because very small amounts of molecules exist at the interface. 12 For this purpose, the SERS method will be useful to observe the interfacial region, and will provide a new insight on interfacial species.
In the present study, the aggregation of silver colloids, which induces a red shift of the plasmon resonance, is advantageous for SERS measurements with an Ar + ion laser, because the laser line (457.9 nm) is far from the plasmon peak of the unaggregated silver colloids (413 nm). It was interesting that colloidal aggregation proceeded preferentially at the liquid/liquid interface. The aggregation produced random and fractal networks of colloids at the two-dimensional interface, and it created nano-sized metal particle arrays. In recent years, this kind of interfacial aggregation was applied to prepare nanoselfassemblies in nanotechnology, where hexagonal closepacked arrays were prepared at solid/liquid and liquid/liquid interfaces. 13, 14 The silver colloid surfaces in the present study were covered with oleate anions, which made the surface negatively charged and prevented coagulation of the colloids. The oleate ions worked not only as a stabilizer of silver colloids, but also as an extractant of colloids from the aqueous phase to the organic phase. 15, 16 The extraction of silver colloids occurred only when NaH2PO4, H3PO4, NaClO4, HClO4 or MgCl2 was added into the aqueous phase and the oleate concentration was rather high. In the present work, the concentration of oleate was kept low so as to prevent the extraction of colloids.
From Wang's IR study, 15 it is expected that in the aqueous phase the ethylene group of the oleate ion adsorbs on the colloid surface, while in the organic phase the carboxylate group contacts the colloid surface. The present study investigated which group of the ethylene or carboxylate is preferentially adsorbed on the colloid surfaces at the liquid/liquid interfacial region.
Experimental

Chemicals
Silver nitrate (99.8%) and sodium oleate (98%) were used as received from Nacalai Tesque (Osaka, Japan). Calcium chloride and toluene were a G.R. grade of Nacalai Tesque. Sodium borohydrate (> 90%) was purchased from Wako. All aqueous solutions were prepared by using water purified with a Milli-Q system (Millipore Corp.). Toluene was purified by distillation just before use.
Preparation of silver nano-colloids
Oleate stabilized silver colloids were prepared according to Wang's method. 15 A 100-ml volume of an ice-cooled aqueous solution containing 2.5 × 10 -4 M sodium oleate and 4.0 × 10 -3 M NaBH4 was stirred vigorously, and 100 ml of an ice-cooled aqueous solution of 1.0 × 10 -3 M AgNO3 was added dropwise in 75 min. Additionally, this colloidal solution was stirred for 30 min in an ice bath, and then left at room temperature to warm. The color of this sol was transparent yellowish brown. This colloidal solution was stable for over 6 months when it was stored in a dark place.
Imaging of the silver colloids was obtained with a JOEL 1010 electron microscope under an acceleration voltage of 80.0 kV. After a drop of the silver colloid aqueous sol was placed on a collodion film supported by a copper grid, water was evaporated. The average size of the colloids was obtained by digitizing printed micrographs and analyzing 700 particles using ImageJ software.
Interfacial adsorption of colloids
The adsorption of colloids to the toluene/water interface was observed by a color decrease in the aqueous phase. A Jasco V-570 UV/vis spectrophotometer was used for quantitative adsorptivity measurements.
By keeping the liquid/liquid interfacial area constant (2.0 cm 2 ) in a glass cell with 20 mm optical length, the absorption spectra of the aqueous phase were measured. The cell contained 3.0 ml of the aqueous phase and the same volume of toluene. The upper part of the inside wall of the cell was made hydrophobic by treating with 3% dichlorodimethylsilane in toluene to produce a flat liquid/liquid interface. From the difference between the absorbances before and after the adsorption equilibrium, the interfacial adsorptivity of the colloids was determined. The aqueous phase was stirred gently, so as not to disturb the interface, with a small magnetic bar during the measurement.
Raman and SERS measurements
A Raman microscope-spectrometer used for the present SERS measurement of the liquid/liquid interface was the same instrument reported recently. 7 The optical configuration of the Raman apparatus is schematically shown in Fig. 1 . A cw Ar + laser beam of 457.9 nm was brought to the toluene/water interface under the s-polarized condition through an objective (20×, NA 0.28) at an incidental angle of 74˚, which was sufficiently larger than the critical angle of 63˚ to attain the total internal reflection (TIR) condition at the interface. The penetration depth of the evanescent wave was calculated to be 125 nm. 17 This means that the only colloids in this region give TIR-SERS signals. The scattering light was collected with an objective (18×, NA 0.42) in the direction normal to the interface. For a TIR-SERS measurement of the liquid/liquid interface, a hemispherical glass cell was used. An aqueous solution (250 µl) and toluene (250 µl) were introduced successively to the cell by using a microsyringe. To make a flat interface, a thin PTFE ring was fixed to the inner wall of the cell. The liquid/liquid interfacial area was 0.50 cm 2 . The initial aqueous phase concentrations of the silver colloids, oleate and CaCl2 were 6.3 × 10 15 particles dm -3 , 1.3 × 10 -5 M and 3.3 × 10 -3 M, respectively. TIR-SERS spectra were obtained under the conditions of an excitation laser power of 2.0 mW at the focal plane of the objective, 10 s exposure time for a CCD detector, and a 50-times accumulation rate, using a s-polarized excitation beam and without an analyzer.
For measuring the Raman and SERS spectra of the bulk phases, 10 and 50 mW of the 457.9 nm line were used for excitation, respectively. Each solution was contained in a small glass tube. The scattering light was collected under the backscattering condition with an objective lens (9×).
Results and Discussion
Silver nano-colloids
At first, the size of the prepared silver colloid was examined by TEM. Figure 2 shows a TEM image of dried colloids. From the TEM images, it was found that the colloids were monodispersed particles with an average diameter of 5.4 ± 1.9 nm. Using this diameter along with the initial concentration of AgNO3 and the density of bulk silver (10.50 g cm -3
), the particle concentration of prepared silver colloids was calculated to be 6.3 × 10 16 particles dm -3 . Furthermore, we estimated the saturated interfacial concentration of the colloids at the liquid/liquid interface to be 4.0 × 10 12 particles cm -2 , assuming a two-dimensional hexagonal packing of the colloids. Figure 3 shows the absorption spectra of colloidal solutions, which have the peaks called plasmon absorption. 18 These solutions contained 6.3 × 10 15 particles dm -3 colloids and 1.3 × 10 -5 M sodium oleate. The original colloidal aqueous sol ( Fig.  3-a) represented a plasmon peak at 413 nm with a full width at half maximum (fwhm) of 92 nm, which was similar to Wang's results. 16 The plasmon peak and the fwhm depend on the extent of colloid aggregation. 18 Under the condition of Fig. 3 -a, the aggregation of colloids was not developed. It was thought that, since the colloidal particles possessed a negative charge due to the adsorbed oleate ions, a repulsive force worked among the particles, which prevented aggregation. However, the addition of CaCl2 to the colloid sol caused both aggregation and a color change. The addition of salts is known to reduce the Debye length around particles, and thus causes the aggregation of particles. 19 A colloid solution containing 3.3 × 10 -3 M CaCl2 represented the absorption peak shift from 413 nm (fwhm of 92 nm) to 470 nm (fwhm of 230 nm) (Fig. 3-b) , which indicated the aggregation of colloids induced by Ca 2+ . When this solution was shaken with toluene in a glass tube for 15 min and left standing, both the aqueous phase and the toluene phase became transparent, and a black aggregate was accumulated at the interface. In the absence of CaCl2, such an aggregate did not occur, and precipitation in the aqueous phase was observed. It was thus confirmed that the silver colloids were adsorbed at the liquid/liquid interface by the addition of CaCl2.
Interfacial adsorption of silver colloids
Under a constant interfacial area, the adsorption equilibrium of colloids was examined. Figures 3-b and 3-c show the absorption spectra of the aqueous colloidal phase containing CaCl2 before and after contacting with the toluene phase. The decrease of the aqueous phase absorbance indicated the adsorption of the colloids from the aqueous phase to the toluene/water interface. From the absorbance decrease, the interfacial concentration of the colloids was obtained to be 5 × 10 12 particles cm -2 at most. It can be noticed that the spectrum of the colloids in the aqueous phase after contact with toluene showed an increase of fwhm and a slight red shift of the plasmon peak. This might show that the colloidal aggregation was slightly promoted by the dissolved toluene.
This kind of interfacial adsorption was not observed in the absence of CaCl2. The presence of Ca 2+ ion is thought to be effective to promote the interfacial aggregation of silver colloids by neutralizing their surfaces and decreasing the Debye length on the colloids.
Raman spectra
The Raman spectrum of solid sodium oleate is shown in Fig.  4 . Some representative peaks were assigned to the vibrations associated with the alkyl chains and the ethylene group. [20] [21] [22] The most prominent vibrations are the methylene rock at 888 cm -1 , the ν(C-C) modes at 924, 1064, 1095 and 1121 cm -1 , the methylene twist at 1294 cm -1 , the methylene scissor at 1437 cm -1 and ν(C=C) at 1655 cm -1 . Raman bands associated with the carboxylate group, νs(COO -) at ∼1405 cm -1 and νas(COO -) at 1597 cm -1 , are much weaker than those of the alkyl chains.
Interfacial TIR-SERS spectra Figure 5 shows TIR-SERS spectrum from silver colloids adsorbed at the toluene/water interface.
The initial concentration of the silver colloids in the aqueous phase was 6.3 × 10 15 particles dm -3 , which was less than the amounts required for saturating the liquid/liquid interface. This spectrum consists of the Raman bands of oleate ions and toluene molecules that adsorbed on Ag colloids at the liquid/liquid interface. Since no Raman peaks of oleate was detected from the interface without silver colloids, the spectrum in Fig. 5 was completely ascribed to SERS. In Fig. 5 , the background spectrum of bulk toluene was subtracted after normalization at the 625 cm -1 peak of toluene. The toluene spectrum used in this subtraction was obtained from the TIR-Raman measurement of the toluene/aqueous oleate solution interface. The residual peaks of toluene were due to the surface-enhanced peaks. Table 1 gives the assignment of the TIR-SERS spectrum along with the Raman shifts of toluene (liquid) and sodium oleate (solid). The assignment was based on previous Raman data of oleic acid, its salt [20] [21] [22] and toluene. Although no SERS data on oleate ion has been reported, the SERS spectra on carboxylic acids 23 and olefines 24 could be used for the assignment. In the TIR-SERS of the oleate ion, a strong band at 392 cm -1 and medium bands at 794, 1248, 1361, 1456, 1557, and 1632 cm -1 were observed, while for the toluene, strong bands at 784, 1003 and 1209 cm -1 were obtained. Broad back-ground due to surface carbon contaminants, such as amorphous or graphitic carbon, appeared at ∼1300 and ∼1600 cm -1 .
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In the TIR-SERS spectrum of the oleate ions in Fig. 5 , the peaks of the carboxylate group and the ethylene group of oleate were the most strong. This was different from the ordinary Raman spectra of sodium oleate or oleic acid, in which the main peaks were attributed to alkyl chains. The interfacial SERS spectrum should be interpreted in terms of the interaction between the silver colloid surface and the adsorbed species. There are two mechanisms that have been proposed to explain the SERS effect. One is the chemical charge transfer (CT) mechanism, and the other is the physical electromagnetic (EM) mechanism. In the CT regime, only Raman bands of closely adsorbed molecules on a silver colloid were enhanced due to the charge-transfer interaction between the silver surface and the adsorbates. 26 On the other hand, in the electromagnetic mechanism, a strong adsorption is not necessary, but the vibrational groups existing between aggregated silver colloids is strongly enhanced by a strong electric field generated in the gap between the colloids. Therefore, the intense peaks of the carboxylate groups and the ethylene groups of oleate molecules in Fig. 5 suggest that these two groups adsorbed preferentially to the surface of the colloids in the liquid/liquid interface. Wang's IR spectra of oleate on the Ag colloids showed that, in the bulk aqueous phase, the carboxylate groups were exposed to water, and in the bulk organic phase the carboxylate groups directed to the colloid surface. 15 Comparing between our TIR-SERS spectra and Wang's IR spectra, it is proposed that oleate ions are adsorbed on the silver colloids at the toluene/water interface in two different manners (see Scheme 1): in the toluene phase side, the carboxylate groups are adsorbing to the silver surface, and in the aqueous phase side, the ethylene groups are adsorbing to the colloids.
Interaction of COO -with silver colloid
In the TIR-SERS spectrum, a strong band at 1557 cm -1 is attributed to the νas(COO -) of oleate, suggesting the adsorbed carboxylate salt. The νas(COO -) band shifted 40 cm -1 lower from 1597 cm -1 (solid sodium oleate) to 1557 cm -1 , which implies a strong interaction between the Ag surface and the carboxylate group. This is consistent with the enhanced acidity of carboxylic acids at an Ag surface. 27 Oleate anions would exist as silver salts on the silver colloids, because it is known that an appreciable number of positively charged Ag atoms exist on the Ag colloids. 28 This has been supported from the reported IR spectra, 29 in which the νas(COO -) of silver carboxylate is 45 cm -1 lower than that of sodium oleate observed in our SERS spectra. Figure 6 shows the SERS spectrum of 6. , which was assigned to the ν(C=C), indicating strong adsorption of the ethylene group at the silver surface. The carboxylate groups should be exposed to an aqueous environment to make the colloid surface negatively charged. This result is consistent with Wang's IR spectra. In the shoulder of the peak of 1641 cm -1 , νas(COO -) was observed at 1563 cm -1 , and νs(COO -) at 1394 cm -1 , indicating that, even in the aqueous solution, a small number of oleate ions were adsorbed on the silver surface through the carboxylate group.
Although the colloids can form aggregates both at the toluene/water interface and in the bulk aqueous solution, the TIR-SERS spectrum of the interface (Fig. 5 ) and the SERS spectrum of the aqueous solution (Fig. 6) apparently showed different peaks. The TIR-SERS peaks of the carboxylate group were relatively more intense than the SERS peaks in the aqueous solution. This difference should have occurred from a preferential adsorption of the carboxylate groups on silver colloids in the organic phase side of the interface. Also, the amplified electromagnetic field strength by the extended colloidal aggregation at the interface might have an advantageous affect. The preferential adsorption of oleate ion to the colloids at the liquid/liquid interface through the carboxylate group is drawn conceptually in Scheme 1.
In our TIR-SERS spectra, the νas(COO -) mode was observed intensely, but there was no peak assignable to the νs(COO -) around 1400 cm -1 . According to Moskovits 30 and Creighton, 31 this result should indicate uniformly oriented carboxylate groups at large tilt angles with respect to the surface normal. Such monodentate carboxylate adsorption at the silver surface is depicted in Scheme 1. Probably the π electron of the carboxylate and the Ag surface interact to some extent to cause the shift of the νas(COO -) band.
Interaction of ethylene group with silver colloids
The vibrations of the ethylene group were obtained in our TIR-SERS spectrum at the liquid/liquid interface. The band at 1248 cm -1 , which is not observed in saturated fatty acids, might be due to the δ(HC=CH) in-plane mode of the ethylene group. This peak shifted to lower wavenumbers of about 20 cm -1 compared with that of solid sodium oleate. The band at 1632 cm -1 can be assigned to the ν(C=C) band, which is shifted to lower wavenumbers compared with that of solid sodium oleate (1655 cm -1 ). These peak shifts indicate a strong interaction of the ethylene groups and the silver surface. In the SERS spectrum of oleate in an aqueous solution, the δ(HC=CH, inplane) band did not appear and the ν(C=C) stretching was very broad. This suggests that the orientation manner of the ethylene group to the silver surface was different between at the interface and in the bulk aqueous phase.
In the low-frequency region, a very intense band at 392 cm -1 was observed, which was not reported in the spectra of oleate ions and toluene. Since this peak was also observed in the SERS spectrum of oleate ion in an aqueous solution, this did not belong to toluene molecules. In the vibrational modes of oleate, the all-trans alkyl chain possesses a characteristic concerted C-C-C deformation mode, known as the accordion-mode in this region. 23 Oleic acid has many accordion-modes from 148 cm -1 to 510 cm -1 , but there is no corresponded peak to 392 cm -1 . Meanwhile, since any SERS spectra of fatty acids or aromatic acids have no such peak, this peak can not be assigned to the carboxylate group. A remaining vibration, which can be considered, is the stretching of the ethylene group in the complex with silver ion. The stretching vibration of the silver(I) complex with 1,5-cyclooctadiene was reported at 407 cm -1 and 348 cm -1 . 32 Therefore, the 392 cm -1 peak can probably be assigned to the stretching vibration of the ethylene group in the complex.
Interfacial SERS of toluene
In the TIR-SERS spectrum, enhanced peaks of toluene were also obtained. In a SERS study of toluene on a gold surface, a strong interaction of toluene with gold made the peaks shifted to a lower wavenumber, and became broader. 33, 34 However, in our TIR-SERS spectrum, the toluene peaks were enhanced, but no peak shift or broadening was observed. Therefore, toluene was not strongly adsorbed at the silver colloids. The distance between toluene and the silver colloids would be less than 5 nm, because the decay length of the surface electromagnetic field of the nanoparticle is comparable with its particle diameter. 35 Toluene molecules between the silver colloids at the interface might be stimulated by the EM mechanism, even in the case that toluene molecule has no direct chemical interaction with the colloids surface.
Conclusion
The TIR-SERS spectra from the oleate-stabilized silver colloid 1351 ANALYTICAL SCIENCES SEPTEMBER 2004, VOL. 20 Scheme 1 Proposed adsorption manner of oleate ions on silver colloids at a toluene/water interface. On the toluene phase side, the carboxylate group of the oleate ion is adsorbing to the silver surface, and on the aqueous phase side the ethylene group is adsorbing to the colloids. The broken line shows only a probable location of the interface. aggregates adsorbed at the toluene/water interface were investigated. The adsorption and aggregation of colloids with 5 nm-diameters were observed at the liquid/liquid interface in the presence of CaCl2. The TIR-SERS spectrum from the interfacial colloids aggregates indicated that oleate ions on Ag colloids had two different orientation manners at the colloid surface. In the aqueous phase side of the interfacial colloid surface, the ethylene group of the oleate was adsorbed, while in the organic phase side of the colloid, the carboxylate group of the oleate was adsorbed. This can be understood as being an interfacial solvent effect, which control the adsorption sites in oleate ion, depending on the polarity of the solvent. The solvent-dependent isomerization adsorption of oleate ion on the silver surface at the toluene/water interface may also stabilize the colloid aggregation at the interface, and thus enhance the TIR-SERS synergistically. It is interesting that the TIR-SERS could also detect toluene molecules existing at the liquid/liquid interface, which should be stimulated by the surface resonance effect of the colloid aggregates.
This study has reported for the first time the TIR-SERS method used at a liquid/liquid interface. This method should provide invaluable information on the Raman spectra of the interfacial species, which compliments the SFG spectra of the liquid/liquid interface. The interfacial SERS method is also promising for studying biological reactions at real cell membrane systems as well as at the liquid/liquid interface as a model of a bio-membrane system.
